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Partnerships/Collaborations in
Rotorcraft Structures Research>

s Civil Aviation '
William J. Hughes Authority &

Technical Center (CAA) o
Atlantic City Int’l Airport, NJ

GOVERNMENT

2 S
2 S
2 G
N5
2P

NASA Ames Res. Ctr. “ S

NRTC  woffett Field, CA Sikorsky | (%
National Rotorcraft Stratford. CT L :
Technology Center, CenteY fo i
Moffett Fi Id CA | =

2UUE e } otoréra t BOEING
I Boeing
Philadelphia, PA
= Naval Air Warfare Center,
ell e , Aircraft Division

Patuxent River, MD

dgmi

| K,“;A NASA Langley Res. Citr.,

Army Aeroflightdynamics Hampton, VA
Dir., AVRDEC ,
Moffett Field, CA oo Army Vehicle Tech. Ctr., ARL
Rotorcraft Directorate Hampton, VA
Fort Wortii e NASA Johnson S @%
Space Center ]
T Fort Worth, TX

A joint rotorcraft program with industry, academia, DoD, and
other government research agencies to develop and validate
mutually agreed-upon technologies that will address
rotorcraft structures design and certification issues.
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RCDT R&D Roadmap

GOVERNMENT

2000 2001 2002 2003 ——» 2005
FAA Rulemaking FAA Metallic Structures Rulemaking & AC writing NPRM
| g 1 W b ¥ W N
1 RCDT Specific Issues Study Case Studies
| yd 4 | A 4 [
2 Spectrum Development Usage Monitoring Usage Monitoring Dev.
yd | yd
% 3 EIFS Database Database Dev.
2 / | / |/ \ |
; 4 Coupon Test Methods | K-th, Long & Short Crack, HCF, & Peened Coupon Database | Database Dev.
= | y 4 \
g 5 NDI Survey / POD Studies | NDI T?chnology Deifelopr‘rllent
o
.“3 6 Certification Teslt Guidelines Analylsis Alternatives \to C|e{t. Tests | Dev
7 Life Enhanc?ment Methods | Life Enhancement R&D
A .\ y 4
8 CGA Dev/Val ; Stress Anal Guides ; HCF/LCF interaction ; K—sol’nsl\ Residual Stress/WFD R&D |l<
! - - | \ )\ \/
[ Support advisory material |[9 ™ Rjsk Assessment Case Studies Probabilistic DT R&D
[ Compliance issues | \ \ | \/ \ )<
v [] Technology enhancements| | 10 Corrosion Control R&D %

_________ +______________________

___+ _______________________________________________

"

"I

Industry Product Development and Field Support Technology Implementation

Composite Structures DT R&D, Rulemaking and Advisory Circular (AC) Material




FAA RCDT Phase | R&D Funding
($K)

FCG Data
& Methods
Fatigue Life Certification
Enhancement Testing
/é’“’-"("-é('?‘*r\
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FAA RCDT Research Status and Accomplishment
FY00 - FY05 ($6M)

RCDT R&D
Accomplishment
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RCDT TRL Status (FY00 - FY05)

8 Original TRL & Currently Achieved TRL

Corrosion

Risk Assessment
FCG Analysis

Life Enhancement

Certification Testing

DESCRIPTIONS

Lowest level of technology readiness.

Technology concept and/or application formulated

Invention begins.

Analytical and experimental critical function and/or
characteristics proof of concept
Active research and development is initiated.

Component and/or breadboard validation in laboratory
environment

Basic technological components are integrated to establish
that the pieces will work together.

Component and/or breadboard validation in relevant
environment
Fidelity of breadboard technology increases significantly.

System/subsystem model or prototype demonstration in an
operational environment

Representative model or prototype system, which is well

2 beyond the breadboard tested for TRL &, is tested in a relevant
environment.
1 System prototype demonstration in an operational environment
Prototype near or at planned operational system.
Actual system completed and operationally qualified through
test and demonstration
1 Technology has been proved to work in its final form and under|
expected operational conditions.
U s a e S e ctru m 3 = Actual system, proven through successful mission operations
g p Actual application of the technology in its production
configuration and under mission condition, such as those
encounted in operational test and evaluation.
RC DT I s s u e s Source, GAOINGIAD 99162 Best Frachices Appentis I, 1Echnoiogy Readiness Level Descriplons
I I I I I I I I 1
0 1 2 3 4 5 6 7 8 9

Technology Readiness Levels (Average

5 006 > Ad atio



RCDT R&D STRATEGIC PLAN
DEVELOPMENT INITIATIVES

- Rotorcraft Community RCDT and Fracture

Mechanics R&D Perspectives
» OEM'’s, Academia, Government

> FAA's RCDT R&D Perspectives
> FAA-Rotorcraft Community combined
assessment of current state of RCDT
technologies

> FAA’s process to identify and prioritize
RCDT R&D needs

TN
IS N
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FAA RCDT R&D Plan Development

> RCDT technology assessment and gap
analysis
> RCDT technology matrices
- TRL criteria

> |dentified R&D needs
- FAA regulation support criteria

- Development of RCDT R&D Roadmap
> FAA R&D prioritization criteria

- Development of RCDT R&D strategic plan
- Output requirements & performance metrics

- exit criteria/strategy
> ROM

Rotorcraft Structural Integrity and Safety {5’%&\ Federal Aviation

March 21, 2006 ‘\éﬁrjﬁ;} Administration
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RCDT Technology Matrices

2 Usage and Load Spectrum

> Initial Crack State

- Material Fatigue Crack Growth (FCG) Data

> Fracture Mechanics (FM) and FCG Analyses

> Risk Assessment — Probabilistics

- Non-Destructive Inspections and Evaluations

- RCDT Demonstration and Compliance

> RCDT Documentation

2> Regulatory Implementation and Technology
Transfer

TN

PPN
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FEDERAL AVIATION ADMINISTRATION
Rotorcraft Damage Tolerance (RCDT) Gap Analysis Jlel3, 1aig{3y)

Technology Assessment Current State of Technology
Current | Requined Years Technolegy | Technology | Certification
TRL TRL

s | (1o

Regulation Support Criteria
Applicatie io Is this
RCOT Reg? | an RAD task?

To Fully Risk Gaps Readiness

N TECHNOLOGY
Mo =1 HEEDE

Operational | (@, 1, 2, or 3} Yes=0

for to TRL §
3 2 0 98% 96%

7
T 3 2 0% 100% 100%
T 3 2.0 0% 100% 100%

Ready =0
Kot Ready=1 MNo=1

OVERALL RCDT TECHNOLOGY STATUS 4

Component Stress Distribution 4
Finite Element Methods and Codes 4

Enhancement of FEA complex
peamebry, non-lmear stress Sield

FE& Enhancement

and fraciure machanics codas
firfegralion

Usage and Load Spactrum
Usage Data Collection

FEA & FM Infarfacs

1
0%
0%

Establshment of Typical
Spectrum Using HUMS
Usage Maniloring

Establishrment of Tyoical Specirum
Using HUME

|usage menitering using HUMS
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Sensilivity of FCG to usagedcad specim
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1 0 0 FCG & Load Sensilivily

|Load Spectrum
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0%
3

100%
o

100%
o

Sirain Sursay

|Cirest Load Measuring Using HUMS

RHL

R Faligue Life
|I'I|'|!|ﬂ LMAcK 51768 STahn
Determination of Equivalent Initial Flaw

3
P
-

LT R ) ] R S

() S S

ERCNSRon ) fon ot

5
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0
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o
100%

100%
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o
100%
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9%
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O=ing HUMS

|Establishment of BT Camage Datakase 1 Damage Catabase
Updale FOG models to make EIFS ba

indapandenl load levels FZG Modelk
Azsessment of Rellability and

Mfaintainabilty (RE&EM} FRACAS and

RCOT damage databases 4 & Z 2 2 1 0 1 [Ll=]
Disterniration of Mormal Cuality and Cuality and Rogue EIFS
Rague EIFE Distrisufion s & 5 3 4 1 0 0 Diilribulicn
Characterization of emall inifial damage Characterizalion of small
slatas ) 5] 3 3 L] 1 1] 1] inilial darmage slates
devalopment an;apnli;almn ol EIFS ta

REDT design and management for

manudfaciuring and in-service damage EIFS Development
Ihreats Z & Z 3 4 1 0 0 Guidelines




RCDT ASSESSMENT AND

GAP ANALYSIS
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GAO Technology Readiness Levels Technology Maturation Risk (TMR)

Normally at TRL 9, but can be lower
Years to bring technology to required TRL TRL Risk TMR

Technology Maturation Risk ———»
A

(Current — Required) TRL
A
Certified?
G Low 1
7 Low 1
B Low 1
] No Risk 0
Rotorcraft Damage Tolerance (RCDT) Gap Analysis g0 2 gl
Technology Assessment Currant State of Technology Regulation Support Criteria
Current | Required Years Technology | Technology Certification & pplicable to Is this
TRL TRL To Fully Risk Gaps Readiness RCDT Reg? | an R&D task?
Mte9) | (Mor8) | Operational | (0, 1,2 or3) Ready =0 Yes =0 Yes=0 TECHNOLOGY
{or to TRL 9) Mot Ready=1 Mo=1 No=1 NEEDS

20
FAR 27.571 & 29.571 Selected for

Must be research in nature prioritization

Rotorcraft Structural Integrity and Safety 95 \ Federal Aviation

March 21, 2006 '(_,4};;;96/’ Administration




FEDERAL AVIATION ADMINISTRATION
Rotorcraft Damage Tolerance (RCDT) Gap Analysis sl i3!S0

Current State of Technology Regulation Support Criteria
Technolegy | Technology | Certification | Applicable o Is this
TRL TRL To Fully Rizk Gaps RCDT Reg? | an RAD task?

(1ta8) | (1er)

Technology Assessment
GCurrent | Required Years

Readiness

Ready = 0 Yes =D e TECHNOLOGY
Mo =1 HEEDS

Operational | (0,1, 2, or 3)
or fo TRL 8
3 2 0 98% 96%

7
T 3 2 a 100°% 100°%
T 3 20 a 100% 100%

lot Ready=1 Mo =1

OVERALL RCDT TECHNOLOGY STATUS 4
Component Stress Distribution 4
Finite Element Methods and Codes 4

Enhancement of FEA complex
peamebry, non-lnear slress Held

FE& Enhancement
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Usage Data Collection 5
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Using HUMS

FEA & FM Indarfacs

Establshiment of Typical
Spectrum Using HUMS

=
[
k3
=k
o
o

rajch

|usage menitering using HUMS

=

L=} Lie]

LE]

-

L

Usage Manibaring

Sensilivity of FCG to usageoad specima
varialions

|Load Spectrum
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RCDT Technology Readiness Level Gaps

B CurrentTRL B Required TRL

Technology Transfer e

FM&FCGAnalyses |

RCDT Documentation

RCDT Demonstration

Risk Assessment

Rotorcraft Structural Integrity and Safety
March 21, 2006

DESCRIPTIONS

Lowest level of technology readiness.

Technology concept and/or application formulated

Invention begins.

Analytical and experimental critical function and/or
characteristics proof of concept
Active research and development is initiated.

Compeonent and/or breadboard validation in laboratory
environment

Basic technological components are integrated to establish
that the pieces will work together.

Component and/or breadboard validation in relevant
environment
Fidelity of breadboard technology increases significantly.

System/subsystem model or prototype demonstration in an
operational environment

Representative model or prototype system, which is well
beyond the breadboard tested for TRL 5, is tested in a relevant
environment.

System prototype demonstration in an operational environment
Prototype near or at planned operational system.

Actual system completed and operationally qualified through
test and demonstration

Technology has been proved to work in its final form and unde]
expected operational conditions.

Actual system, proven through successful mission operations
Actual application of the technology in its production
configuration and under mission condition, such as those
encounted in operational test and evaluation.

Source. GAOMNSIAD-98-162 Best Fractices Appendix |, Technology Readiness Level Descriptions

Federal Aviation

~J:/ Administration
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FAA PRIORITIZTION PROCESS
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IDENTIFIED RCDT R&D PRIORITIZATION RCDT R&D Planning

Significance Significance | Significance Critical to Ranking Project Start/End
on Continved | on RCDT AC | on Continued HUMS AC Scores of Rating and Duration (Years)
Airworthiness | & Regulation | Op Safety R&D Needs| Levels Short-Term = =</ 0
TECHNOLOGY (0, 1,2, 3) (0,1,2,3) (0,1.2,3) (0,1,2,3) (Max= 3)
NEEDS 32% 23% 27% 18%

Rating
No Value
Important
Very Important
Essential

v

G T 8 9 10

11 12 13 14 15

Prioritization Weighing Percentage

Significance on| Significance on Significance on
gninic: g Continued | Critical to HUMS
Continued RCDT AC and )
: ) : Operational AC
Airworthiness Regulation
Safety
32% 23% 27% 18%

Rotorcraft Structural Integrity and Safety

ederal Aviation

March 21, 2006 dministration




IDENTIFIED RCDT R&D PRIORITIZATION RCDT R&D Planning

Significance Significance | Significance Critical to Ranking Project Start/End
on Continued | on RCDT AC | on Continued HUMS AC Scores of Rating and Duration (Years)
Airworthiness | & Regulation Op Safety R&D Needs Levels
TECHNOLOGY (0,1,2,3) (0,1,2,3) (0, 1,2, 3) 10,1,2,3) (Max= 3)
NEEDS 32% 3% 27% 18%

G T B 8 10 11 12 13 14 15

Rating Priofitization Stheme

Composite Rating Scores Rating Level Pricrid
II\‘I O VE;:I L"E:[ No Value Not selected
mportan
Very Important
3 Essential
\4 \ 4 v v

Calculated Rating Score of Each Criterion

Individual Rating Score x Weighing Percentage
\ 4 11 ImpartantLand-Tekn, 8t B
Composite Rating Score of Each Identified R&D Task = mﬁg‘“““"“:,’: -
Summation of All Ranking Scores 14 Impartant Long Term, C
- 15 : g
For Each ldentified R&D Task 16 inortant 5
17 Important \ &
Example = mportant | :
RCDT Continued AC & Op Critical | Composite | Rating Very Important 4
R&D Airworthiness | Regulation | Safety | to Rating Levels
HUMS | Scores
AC
Strain 3 3 3 3 3. Essential
Survey 0\

TN

096+ — p | 069+ —p| 081+ 054 = 3.0 N




IDENTIFIED

RCDT R&D PRIORITIZATION

Project Start/End Out-

and Duration {Years Years

TECHNOLOGY
NEEDS

FEM& Enbamcemiend

Long-Term
| [2fsfelslelrlaloliol o]

Significance Significance | Significance Critical to Ranking
on Continued on REDT AC | on Continued HUMS AC Scores of Rating
Airworthiness | & Regulation Op Safety RE&D MNeeds Levels
(o, 1, 2, 3) {0, 1. 2, 3) (o, 1, 2, 3) fo, 1, 2, 3) (Max= 3)
32% 23% 27% 18%

FY >

& 7T 8 93 10 11 12 13 14 150a 8. 20

FEA & FM Inferface

Eslablishment of Typical
Specirum Using HUKMS

[}

3.0

E = kil

Usage Monitoring

E = kil

FCiG & Load Sensitiv

SErain Survey

Very Importand

Using HUMS

Camage Database

= ] e [E

L= (R

-

[#1}

i FPCY [P G DA

'I.I!
3

24
2.4
3

?.3
3.0

3 2
3 3
3 3 3.!3! E=zaniial Slajaja2p1
3 1

—-—-—-mm---nn------

Make EIFS independent

1.0

(/]
Quality and Rogue EIFS
DisiribuSan 3 2 3 1 24 Viery Importand glagij2ag1
Charscierization of emal
inital damage skales 3 2 3 1 24 Very Importand afj2q1
EIFS Development
Guidelnes 3 2 5 i 24 Mery Important 211
EIFE as Function aof
Roughness, Flaw Type &
Size, Component Geomelry 3 2 3 1 24 Very Importand 2911




FAA RCDT R&D ROADMAP
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RCDT R&D Roadmap

DRAFT-RCDT Research & Development Rocadmap for Metallic Materials-(10-Year Plan)

(]

2008

[ zoov | =zoos | 2o0s | 2090 | 2011 | 2oiz EGER R S

1

2

10

13

14

17

15

21

ﬁEQ{EEEEEEE‘IH

104

107

111

122

123

i

128

130

132

134

Usage and Load Spectrum
Usage and Data Collection
Load Spectrum Development
Determination of Repeated Heavy Lift RC Fatigue Life
Initial Crack State
Equivalent Initial Flaw Size (EIFS) Development Guidelines
Determination of Equivalent Initial Flaw Size
EIFS and Damage Database
FCG Data
Establishment & WValidation of Reliable FCG Methods
FCG and Fracture Properties Development
Centralization of RC Material FCG
FM - FCG Analyses
DevelopmentEnhancement of FMIFCG Methods/Algonthms
FMIFCG Methods & Algorithms Validation
FCG Methods Incorporating FLE
FM For In-Service Problems
Risk Assessment - Probabilistics
Development & Validation of Risk Assessment Methods
Risk Assessment or Probabilistic Modeling
MNDIE
MDI Methods Development
Advanced Sensor Applications
RCDT Demonstration for Compliance
RCDT Analysis
RCDT Testing
RCDOT Documentation
RCDT Guidelines
Regulatory Implementation &Tech Transfer
FAA Order B110.9 Revision
FAA Airworthiness Directives On RHL
FAA Advisory Circular (AC) om RCDT
RCDT Tech Transfer, Application, & Cert Compliance

< 97%

Completion

Milestone

=

Short Term (5 Years) | Long Term (10 Years)

Airport and Aircraff Safeiy Research & Development DNivision
FAA William J. Hughes Technical Center

Task

I Progress DR Summary I

Federal Aviation Administration (FAA) Rotorcraft Structural Integrity and Safety - March 21, 2006 -




DRAFT - Rotorcraft Damage Tolerance (RCDT) Research and Development
Roadmap for Metallic Materials (10-Year Plan)

|1|:u o5 |07 |08 |08 |10 |11 (12 |13 [14 |15
Usage and Load Spectrum
- Usage and Data Collection
b Establish typical spectrum using HUMS
: Usage monitoring using HUMS
5 Conduct sensitivity of FCG to usage/load spectra variations
® Load Spectrum Development
! Conduct Repeated Heavy Lift (RHL) components strain survey
y Dev direct load measuremant using HUMS
? Conduct sensitivity of FCG to usage/load spectra variations

" Determination of Repeated Heavy Lift RC Fatigue Life
" Analyze collected spectrum and usage data

= Determine fatigue life of RHL based on new spectrum & load spectra
13 - m
Initial Crack State
" Equivalent Initial Flaw Size (EIFS) Development Guidelines L
= Dev guidelines to address manufacturing & in-service damage threats L
1® Dev guidelines for structural degradation based on FM FCG analysis I
" Determination of Equivalent Initial Flaw Size
" Determination of normal quality & rogue EIFS distribution
= EIFS and Damage Database
= Dev damage DB found at manufacturing. field cperations, maint ctr
21
FCG Data
= Establishment & Validation of Reliable FCG Methods
= Refine standard FCG (ASTM E-647)
Airport and Aircraft Safety Research & Development Division Task N progres: DS Summary T

FAaAa William J. Hughes Technical Center
Federal Aviation Administration (FAA) Rotorcraft Structural Integrity and Safety - March 21, 2006 -
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DRAFT - Rotorcraft Damage Tolerance (RCDT) Research and Development
Roadmap for Metallic Materials (10-Year Plan)

5] o6 |07 0@ |0 0 1 |12 |13 |12 JiE

= Refine compression Pre-Cracking (CPC) Constant-Amplitude
= Investigate crack closure effects on FCG threshold
28

Conduct small crack testing to investigate nature of scatter
= Combine standard and CPC Methods

= FCG and Fracture Properties Development
== Conduct threshold testing on Al 7000 series
<01

Conduct threshoeld testing on Titanium Alloys

Conduct threshold testing on Steels

Conduct threshold testing on Stainless Steels

Conduct threshold testing on Magneasium

* Centralization of RC Material FCG

= Dev RC FCG material handbook & reference

* Dev robust FCG database

Integrate REC FCG material database into computation methodology

FM - FCG Analyses

= Development/Enhancement of FM/FCG Methods/Algorithms
Enhance FM methodology

. Enhance FM and FCG algorithms

Model FM material responses and behaviors

= FM/FCG Methods & Algorithms Validation

Dev RC component data for FM/FCG methods & algorithm validation
Dewv validation guidelines & process

= Validate FMIFCG

Airport and Aircraff Safeiy Research & Development Division Task | Progress I Zummary |
FAaAa William J. Hughes Technical Center

Federal Aviation Administration (FAA) Rotorcraft Structural Integrity and Safety - March 21, 2006 -
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DRAFT - Rotorcraft Damage Tolerance (RCDT) Research

and Development

Roadmap for Metallic Materials (10-Year Plan)

FAaAa William J. Hughes Technical Center

10 N EER EENEL
s Incorporate FM/FCG/FLE methods/algorithms

= FCG Methods Incorporating FLE

= Develop and enhance FM/FCG in presence of residual stress field

= Develop FCG test data incorporarting life enhancement methods

“ FM For In-Service Problems

= Dev methods to predict connector crack critical locations/fatigue life
[ Dev meth for in-service fatigue problems for transmission/others

- Investigate repair patch duribility & its effects on rotating components

= Establish durability parameters of rubber mounts

" IRisk Assessment - Probabilistics
| ¥ | Development & Validation of Risk Assessment Methods
[ Enhance/validate risk assessment methods & codes

= Develop life prediction models using probabilistics

. Modify FM code to incorporate probabilistic approach

=4 Integrate prob approach into DT design & re-assessment using HUME

= Risk Assessment or Probabilistic Modeling

oe Dev reduction factors on analytical results considering uncertainties
[ Dev prob models of uncert factors affect microcrack initiation/prop
[ Dev micro-mech models using prob meth to account for local variabilit
= Estimate prob of a microcrack to grow to a detectable size

= Characterize random variables and develop RC statistical data

= Dev comp of generalized FEA solution of each random var realization

= Mod uncert of usage/embedded sensor outputs, matl prop, environme
Airport and Aircraff Safety Research & Development Division Task IS progress DN Summar, I

Federal Aviation Administration (FAA) Rotorcraft Structural Integrity and Safety - Warch 21, 2006 -

Rotorcraft Structural Integrity and Safety
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DRAFT - Rotorcraft Damage Tolerance (RCDT) Research

and Development

Roadmap for Metallic Materials (10-Year Plan)

10 N EEN N EL 12 |13 [14 |15
~ INDI/E
= NDI Methods Development
= NDI/E tocls
= NDI/E methodologies
es NDI/E manual & guidelines
o Advanced Sensor Applications
Tes Implement advanced sensor tech for crack initiation & propagation
“ |IRCDT Demonstration for Compliance
" | RCDT Analysis I
Tee ID RC comp unigue char, needs, requirements to code developers I
e Conduct DT design/fatigue analysis on selected airframe structures L
ne Conduct DT design/fatigue analysis on selected dynamic components| FEN
o RCDT Testing
e Conduct component testing E
w Conduct full-scaled RC component testing
* IRCDT Documentation
| RCDT Guidelines ﬁ
Tad Dev guidlelines for DT design, cert, & management of RC component:
s Dev design meth for structures using flaw size smaller than inspectabl I
= Dev RC DT application procedure for DT design, cert, & management| HE
ol
126
Afrport and Aircraff Safeiy Research & Development Chvision Task | Progress I Summary NG

FAA William J. Hughes Techrnical Center

Federal Aviation Administration (FAA) Rotorcraft Structural Integrity and Safety - Warch 21, 2006 -
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DRAFT - Rotorcraft Damage Tolerance (RCDT) Research and Development
Roadmap for Metallic Materials (10-Year Plan)

o6 |07 |08 |08 0 i1 |12 |13 iz |15

Regulatory Implementation &Tech Transfer

131

FAA Order 8110.9 Revision

T3z

Update usage spectrum and load spectra

133

FAA Airworthiness Directives On RHL

134

Address RHL lifing issues

135

FAA Advisory Circular (AC) on RCDT

136

Eevise RCDT ACs

137

RCDT Tech Transfer, Application, & Cert Compliance

136

Transfer FM/FCG algorithms & codes

138

Transfer NDIE tools, accessories, methods

Airport arnd Aircraff Safefy Research & Development Division Task | Progress I Summary |
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FAA RCDT R&D 10-Year ROM ($K)
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FAA RCDT R&D 10-Year ROM ($K)
FYO06 - FY15
$16M
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RCDT & HUMS BAA Status —

As of 3/20/06
RCDT HUMS
Submitted WPs 21 17
Reviewed WPs 15 0
Requested for DTPs 3 0
Submitted DTPs 0 0
Reviewed DTPs 0 0
Accepted for Award 0 0
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